I. INTRODUCTION

S
INCE the first demonstration of silica subwavelengthdiameter optical fibers in 2003 [1] , increasing research interest has been given to optical microfiber and nanowire related photonic devices. While maintaining the same useful attributes as conventional optical fibers, microfibers have several extra advantages such as micro-scale size, large evanescent field, strong light confinement and great configurability [2] . Those unique properties give microfiber based photonic devices the potential to form the basis of novel sensors offering high sensitivity, small footprint, compact size, low cost and fast response.
To date several types of microfiber based RI sensors have been proposed. Examples include microfiber loop resonators [3] , microsphere resonators [4] , and microfiber coil resonators [5] . However they have either relatively low sensitivity, typically 40-800 nm/RIU, or they need complex manipulation of the microfibers to form the sensing structure. Recently, a twisted optical microfiber refractometer utilizing evanescent fields coupling between tapered microfiber sections has been proposed [6] which allows for the measurement of RI with a sensitivity of 2735 nm/RIU. As an alternative to the existing microfiber refractometers, a refractometer using the reflection spectra of a non-adiabatically tapered single-mode fiber has been proposed. A maximum sensitivity of 18681.82 nm/RIU has been achieved [7] . Recently the authors of [8] have presented a broadband biconical 2 × 2 optical microfiber coupler (MFC) made from conventional telecom single-mode fibers that effectively suppresses any higher-order modes present at the input fiber and provides efficient power splitting between the two output ports. This microfiber coupler has many potential applications, for example in high performance fiber lasers, fiber sensors and optical coherence tomography systems. Furthermore MFC based thermometers [9] , [10] and ultra-broadband 3 dB coupler [11] have also been demonstrated recently. Earlier research on the dependence of the coupling coefficient of traditional fused bi-conical tapered couplers on the external RI has been presented and it has been shown that it is possible to use such a structure to develop a fiber based refractometer [12] , [13] .
In this letter, we report for the first time the application of an MFC structure, with a diameter of 2.5 μm, as a high sensitivity refractometric sensor. We experimentally demonstrate that the sensor is capable of an RI sensitivity of 2723 nm/ RIU over the RI range of 1.3340 to 1.3800, with a maximum sensitivity circa 4155 nm/RIU within the RI range of 1.3340 to 1.3515. The resolution of this microfiber coupler based RI sensor is circa 3.67 × 10 −5 RIU.
II. THEORY
The coupled wave equations for the microfiber coupling have been derived in [14] and [15] . However, a simple analytical method has been chosen for an initial approximate theoretical analysis in this letter.
Traditionally when an optical fiber is tapered down to a scale such that the diameter of the fiber is comparable with the wavelength of the transmitted light, the fiber becomes a microscale diameter waveguide with an air cladding. Under these conditions, for a weakly fused MFC, the coupling coefficient can be approximated by [16] :
(1) the microfiber, τ = d/a, d is the distance between the axes of the fused microfibers, V is the normalized frequency where
The output power of the coupled port of the MFC is given by
where P 0 and P are the input power and the output power and L eff is the effective coupling length. The RI of silica microfiber estimated in the model is 1.45. For an MFC with a radius of 1.25 μm, an effective coupling length of 2 mm and τ = 2, Fig. 1(a) shows the calculated transmission spectra when the surrounding RI is 1.3490, 1.3515 and 1.3545, respectively. From the figure, one can see that an increase in the surrounding RI causes a significant blue shift of the dip wavelength. The relationship between the surrounding medium RI and the dip wavelength shift is shown in Fig. 1(b) . The calculated result shows that an average sensitivity of circa 2609 nm/RIU over an RI range between 1.3340 and 1.3800 is expected for the proposed MFC RI sensor.
III. MICROFIBER COUPLER FABRICATION
To verify the theoretical estimates presented in the previous section, the MFC was fabricated by tapering and fusing two standard telecom single-mode optical fibers (SMF-28, Corning) together at the same time using a method known as the microheater brushing technique [17] . Fig. 2 shows the fabrication setup. The fibers were placed in close proximity before being fixed on two linear motorized translation stages. The fibers were also slightly twisted together to ensure the fibers remained in contact during fabrication. A ceramic microheater (CMH-7019, NTT-AT) was used to heat up the fibers to circa 1300°C, making the silica fibers soft enough for tapering and fusing. The translation stages were precisely controlled by a motion control unit connected to a personal computer (PC). A customized program on the PC made it possible to control the diameter, the length and the shape of the fabricated tapers [18] . The fabricated MFC has a 2 mm long uniform waist region formed by two weakly fused microfibers each with a 2.5 μm diameter. The uniform region is connected to the input ports (P1 and P2) and the output ports (P3 and P4) through two transition regions with a length of 27 mm. The fabricated tapers should be adiabatic for the LP01 mode as the profile of the transition region falls within the adiabatic regime demonstrated in [8] .
A microscope image of the cross-section of the MFC cut at the uniform waist region is shown in Fig. 3(a) . From the shape of the cross section one can see that the microfibers are weakly fused together. Fig. 3(b) shows the measured transmission spectral responses of the output ports P3 and P4 in air over a wavelength range of 1450 nm to 1630 nm.
IV. REFRACTIVE INDEX SENSING MEASUREMENTS AND DISCUSSION
In order to experimentally investigate the RI sensitivity of the MFC, we immersed the coupling region of the MFC in a series of dimethyl sulfoxide/water solutions with different calibrated RIs ranging from 1.3340 to 1.3800 with an interval of circa 0.0030. The schematic of the experimental setup is shown in Fig. 4 . As shown in the figure, the MFC was placed on a PTFE flat panel (Teflon) which has a relatively low RI since materials with a high RI will absorb the transmitted light due to the large evanescent field of the microfibers. Subsequently the different RI liquids were placed as a drop around the coupling section to create a surrounding medium with different RIs.
In the experiments the RI of the set of liquids was calibrated using a commercial refractometer (ABBE5, Bellingham +Stanley). Radiation from a broadband source (SLD-6597, COVEGA) covering an output wavelength range of 1450 to 1630 nm was launched into P1 and the output light was collected from P4 using an optical spectrum analyzer (Q8384, ADVANTEST). When the coupling region is immersed in the liquid, the MFC maintains a good coupling symmetry as in air. The transmission spectral responses measured at P3 and P4 when the MFC is immersed in liquid are shown in Fig. 5(a) . Fig. 5(b) shows the measured spectral responses of the MFC for three surrounding medium RI values used in the previous calculations shown in Fig. 1(a) . As one can see the experimental results show a good match with the calculated results in Fig. 1 . When the external RI increases, the selected dip wavelength of the spectrum experiences a blue shift within the measured RI range. The experimental and the calculated results for the relationship between the dip wavelength shift and the surrounding medium RI are compared in Fig. 5(c) . The experimental results show that the fabricated sensor has an average sensitivity of circa 2723 nm/RIU over the entire measured RI range from 1.3340 to 1.3800. Furthermore a high sensitivity of 4155 nm/RIU is obtained for the RI range from 1.3340 to 1.3515.
One can also see from Fig. 5 (c) that the measured result is in good agreement with the calculated result. The perceptible discrepancy between the experimental and theoretical results may be caused by (1) the limitation of the theoretical model which has only considered the coupling between two parallel fibers with a uniform diameter and an ideal cylindrical shape. However the fabricated MFC has a considerable transition region length of transition region which is tapered in shape and where the fibers are not strictly parallel; (2) as illustrated in Fig. 4 , the mechanical stability of the MFC may be disturbed by the dropping and removing of the RI liquids during the measurements; (3) the MFC is highly sensitive to the temperature change [10] and the RI of the liquid is also temperature dependent; (4) finally, the limited physical accuracy of the achieved diameter of the uniform waist of the fabricated MFC.
V. CONCLUSION
In summary, a highly-sensitive RI sensor based on an optical MFC has been proposed and investigated. The MFC is highly sensitive to the surrounding RI. The experimentally measured sensitivity of the proposed MFC reached on average 2723 nm/RIU and a maximum sensitivity was as high as 4155 nm/RIU at an RI = 1.3340. Compared with the conventional fused fiber coupler-based refractometer, our device has shown not only a high sensitivity. Furthermore, the compact dimensions of our device allow for very good spatial resolution, in applications where RI can change over miniscule distances.
